Introduction
Polycrystalline silicon-germanium (poly-SiGe) is an attractive structural material for surface micromachining due to its low deposition temperature (<450 o C), which enables high performance MEMS devices to be fabricated directly on top of CMOS electronics [1] . Achieving a low strain gradient within a low-temperature-deposited poly-SiGe film remains a major challenge for inertial sensors applications which utilize large-area suspended structures that are more prone to warpage. A typical target value of strain gradient is 1×10 -5 µm -1 for inertial sensor applications, which would yield 1.25 µm tip deflection of a 500 µm long cantilever beam. Various techniques such as multi-layer stress balancing [2, 3] and excimer laser annealing [4, 5] have been demonstrated to reduce the strain gradient of PECVD and LPCVD poly-SiGe films with low thermal process budget, but these approaches might not be suitable for use in high-volume manufacturing. In this work, we examine in detail the relationship between strain gradient and film microstructure, determined by cross-sectional transmission electron microscopy (X-TEM). The effects of LPCVD process conditions on film microstructure are studied, and approaches for improving film deposition uniformity in a batch reactor are proposed.
The deposition of in-situ boron doped poly-SiGe films in a LPCVD reactor was previously characterized using the design of experiments method [6] . It was found that poly-SiGe films with ~60% germanium content have vertically oriented grains, for deposition temperatures ranging between 410°C to 440°C. The lower (initially deposited) portion of the film usually has highly compressive stress, resulting in a large strain gradient. For films deposited near to the amorphous-to-polycrystalline transition temperature (410°C), in-situ boron doping enhances the film crystallinity and reduces the strain gradient. The strain gradient of poly-SiGe films deposited at 410°C is further explored in this work. The following deposition process parameters were varied in order to identify the conditions that yield the best structural characteristics: deposition temperature, deposition pressure, dopant gas (BCl 3 ) flow rate, deposition time, seeding layer composition, and number of deposition steps. The effects of post-deposition annealing and argon implantation are also reported here.
Experimental
A hot-wall horizontal LPCVD reactor (described in details in Ref. [6] ) was used to deposit in-situ boron doped poly-SiGe films. Poly-SiGe films with thickness of 1.5 µm to 4.5 µm were deposited onto silicon wafer substrates coated with 2 µm-thick sacrificial oxide. Most of the depositions start with a very thin (<5 nm thick) amorphous-silicon seeding layer deposited using Si 2 H 6 in order to promote the adhesion of poly-SiGe to oxide. All of the films have roughly 60% germanium content and boron concentration on the order of 1×10 20 atom/cm 3 . Based on results of previous experiments [6] and the thermal budget constraint imposed by advanced CMOS electronics [7] , a deposition temperature of 410°C was used for the majority of this work. Table I summarizes the film deposition conditions. The effects of furnace annealing and argon implantation were studied for selected films. None  430  600  140  60  30  230  b  Yes  None  410  350  140  60  30  340  c None  410  300  47  20  35  20  410  600  140  60  35  260  d  Yes  None  410  600  140  60  15  250  e  Yes  None  410  600  140  60  30  230  f  Yes  None  410  600  140  60  45  230  g  Yes  None  410  600  140  60  35  480  h  Yes  410  350  140  60  35  20  410  600  140  60  35  230  i  Yes  None  410  350  140  60  30  85×4  * 1% BCl 3 balanced in helium. Poly-SiGe film thickness, resistivity, average residual stress, and strain gradient data were each collected from four 150 mm-diameter wafers placed across a load of 25 wafers. Five measurements were made on each wafer for the film thickness, resistivity, and strain gradient. The strain gradient of the film was determined from tip deflection measurements of released cantilever beams. Stress-vs.-depth profiles were generated for each deposition condition by incrementally etching an unpatterned poly-SiGe film and subsequently measuring the change in wafer curvature. X-TEM analyses were done on unpatterned areas of selected films.
Results and Discussion

Strain Gradient and Film Microstructure
Grains within boron-doped poly-SiGe films generally have vertical orientation, with either conical or columnar shape. As shown in Figure 1 , films with a strain gradient larger than 4.5×10 -4 µm -1 generally have conical grain structure with many twins and other defects; in contrast, films with positive strain gradient less than 1×10 -5 µm -1 ( Figure  2 ) generally have columnar grain structures with few defects within a single grain. Table I .)
The strain gradient, which can also be interpreted as the stress-vs.-depth distribution, is strongly correlated with the film microstructure. Films that have a large strain gradient usually start out with fine grains during the initial stage of deposition. As the deposition proceeds, these fine grains grow vertically and compete with each other for lateral growth. Defects are formed during the competition, and the surviving grains develop into conical structures. As a result, the compressive stress is larger in the lower portion of the deposited film as compared to the upper portion, as shown in Figure 3a . This positive stress gradient causes the film to bend upward upon release.
Films that have a low strain gradient start out as an amorphous layer with sparse crystalline seeds. This results in large grain size because of the large spacing between the seeds (>100 nm spacing), which reduces lateral grain growth competition and hence
fewer defects within the grains. To achieve the lowest strain gradient, the spacing between seeds should match the final lateral grain size, in the range of 100 nm to 200 nm. In such a case, the residual stress remains approximately uniform throughout the film thickness, as shown in Figure 3b . The thin amorphous layer at the bottom of the film has slightly higher compressive stress than the crystalline upper portion of the film, which results in a small positive strain gradient. (The stress of the thin amorphous region is difficult to measure accurately for the stress-vs.-depth profile due to the cumulative effect of etching non-uniformity and the uncertainty in the thickness.) 
Film Microstructure and Deposition Conditions
The film microstructure is determined by its deposition conditions. The effects of deposition temperature, deposition pressure, boron doping level, film thickness, seeding layer, and multiple-layered deposition are discussed in this section.
Deposition Temperature. Comparing the films shown in Figure 1a (Recipe-a) and Figure 2a (Recipe-e), the only difference in processing condition is the deposition temperature. A higher deposition temperature results in a thinner amorphous region at the oxide interface and finer initial grains. Although the volume of the highly compressive amorphous region is suppressed, grain size evolution during deposition is a more significant factor, resulting in a larger strain gradient.
Deposition Pressure. Deposition pressure is the only variable for the films shown in Figure 1b (Recipe-b) and Figure 2a (Recipe-e). In both cases, the films start out as an amorphous layer with sparse crystalline seeds. Since the deposition rate decreases as the process pressure goes down, adatoms have a better chance to form clusters and crystal seeds at low pressure. As a result, crystal seeds form earlier. For a fixed deposition temperature, a lower deposition rate also results in more lateral diffusion for the adatoms and hence more lateral grain growth. Thus, the grains are more conical in shape, so that films deposited at lower pressure have larger strain gradient.
Boron Doping Level. Previous work showed that boron doping enhances crystallinity for films deposited near to the amorphous-to-crystalline transition temperature [6] , i.e. if the initial amorphous region is minimal, the strain gradient can be reduced by increasing the boron doping concentration. Higher doping levels are explored in this work. Figure 4 shows the relationship between strain gradient and resistivity. X-TEM images are also shown for selected cases. The thickness of the amorphous region at the lower oxide interface remains approximately constant as the boron doping level exceeds a certain threshold, beyond which the strain gradient in the film is determined by other factors, such as grain size and defect density. Since the boron concentration is not a significant factor at high doping levels, deposition time is the main difference between these two films. In both cases, the thickness of the amorphous region is similar, but the thicker film has taller columnar grains. Thus, a larger portion of the thicker film consists of columnar crystalline structures.
Seeding Layer. The films shown in Figure 1c (Recipe-c), Figure 2a (Recipe-e) and Figure 2c (Recipe-h) were deposited using similar main deposition conditions, but different seeding layers. It should be noted that vacuum was not broken between the seeding and the main deposition steps, so that grain growth was not interrupted.
The low pressure and low gas flow rates used for SiGe seed-layer deposition in Recipe-c enhance crystal seeding due to the resultant low deposition rate and high boron concentration. Fine crystal grains formed during the initial stage of film deposition compete for lateral growth, resulting in a conical grain structure and high strain gradient as shown in Figure 1c .
As discussed above, lower deposition pressure enhances initial crystal seeding as well as lateral grain growth. Recipe-h combines a low pressure deposited SiGe seed layer with a high pressure deposited main layer. The resulting film (Figure 2c ) has a thin amorphous layer (compared to the film shown in Figure 2a ) and columnar grains.
Multiple-Layered Film Deposition. Fine-grained poly-Si films with low strain gradient have been demonstrated to be sufficiently reproducible for high-volume production [8] . If the average grain size in a poly-SiGe film is comparable to its thickness, there can be considerable variation in mechanical properties from beam to beam, which is not acceptable for high-volume manufacturing processes. The average grain size can be limited by depositing the film in multiple steps to create a layered stack, to average out random variations in grain microstructure and modify the stress-vs.-depth profile.
As a proof of concept, Recipe-i in Table I consists of four 85-minute depositions of Recipe-b. To ensure grain growth interruption from layer to layer, the vacuum was broken in-between the depositions by opening the furnace door. The disadvantage of this approach is that the temperature has to re-stabilize and temperature overshoot occurs during the stabilization. As a result, more processing time is required and hence the thermal budget is larger. With a more sophisticated LPCVD reactor, it should be possible to simply flow O 2 in-between depositions to avoid the need to open the door, so that the furnace temperature can remain stable throughout the film deposition process and therefore process throughput is not affected significantly. Due to unintentional heating during temperature stabilization, the earlier deposited layers were annealed so that their amorphous regions are partially crystallized, resulting in a downward curvature (negative strain gradient) of the released cantilever beam. This fine-grained layered-stack film ends up with a strain gradient of -1.2 ×10 -4 µm -1 . The X-TEM image and the stress distribution within the layered film are shown in Figure 5 . Every layer within the film is very similar to the bottom quarter of the film shown in Figure 1b . The stress profile of the layered film also consists of four regions, each very similar to the stress profile for the bottom quarter of the film shown in Figure  3a . Overall, the stress distribution with the multiple-layered film is more uniform as compared to a single-layered film, so that the absolute value of the strain gradient is smaller. Finer grains and more uniform stress distribution can be achieved with more layers. To avoid having a negative strain gradient, a fully crystallized film such as the one shown in Figure 1c should be used because of its better thermal stability.
Post-Deposition Annealing
As shown in Figure 2 , films with low strain gradient always have a thin amorphous region at the lower oxide interface. Post-deposition annealing in a nitrogen ambient can be used to crystallize this amorphous region. Various annealing times and temperatures were explored for the film shown in Figure 2b (Recipe-g), as listed in Table II . In all cases, the annealing temperature is higher than the deposition temperature (410°C) and the strain gradient of the film is changed towards the negative direction. Annealing at 600°C is not compatible with advanced CMOS devices [7] , but this high temperature annealing magnifies the result for this study. The strain gradient of the as-deposited film is on the order of 1×10 -5 µm -1 . Recipes Anneal-b and Anneal-c result in negative curvature of the released cantilever beams. As-deposited films have strain gradient in the order of 1×10 -5 µm -1 .
X-TEM analyses of annealed films are shown in Figure 6 . Crystallization of the lower amorphous portion can be clearly seen for the 600°C-annealed film as compared to the as-deposited film shown in Figure 2b . In contrast, a change in the film microstructure is not readily apparent for the 430°C-annealed films. In all cases, no apparent changes are observed for the upper crystalline portion of the film. Stress-vs.-depth profiles are shown in Figure 7 for films annealed using recipes Anneal-a and Anneal-c. The stress distribution does not show a significant change after the 430°C anneal, consistent with the X-TEM analyses of film microstructure. The reduced variability in the stress distribution as compared to that of the unannealed film (Figure 3b) can be attributed to differences in measurement accuracy and position of the wafer within the furnace. Comparing Figure 7b against Figure 3b , the stress distribution within the upper crystalline portion remains the same, whereas the stress within the lower portion changes dramatically from compressive to tensile after the 600°C annealing, resulting in the large negative shift in the strain gradient. Again, this is consistent with the X-TEM analyses of film microstructure. The amorphous region of the as-deposited film is not dense-packed. Upon high-temperature annealing, voids and defects are removed, resulting in tensile stress in this region. Figure 6a) ; b) film annealed at 600°C for 30 min (ref. Figure 6c) .
Effect of Argon Implantation
Ion implantation and machining have each been used to modify the stress in thin films [9, 10] . Argon implantation is a low-cost and high-throughput process that is readily available in the IC industry. Therefore, the effect of argon implantation on the strain gradient of multiple-layered poly-SiGe films (ref. Figure 5a ) was studied in this work, for different doses and acceleration energies. As an extreme case, Figure 8 shows the X-TEM image and the stress profile for a film implanted with 1×10 16 cm -2 Ar + at 180 keV. The implant amorphizes the top portion (~ 0.3 µm) via damage to the crystalline structure, and thereby relieves the compressive stress within this portion of the film. The implant also causes a small drift of the stress in the position direction in the middle region of the film compared to Figure 5b . Though not apparent from the X-TEM image, some argon ions penetrate the film beyond the amorphized region, which may possibly account for the small amount of stress relaxation in the middle region of the film. Overall, the stress profile after argon implantation has a positive slope (increasing from the bottom of the film to the top of the film) and results in a strain gradient of 6.25×10 -4 µm -1 , whereas the as-deposited film has a strain gradient of -1.2×10 -4 µm -1 .
The amorphization thickness and the stress distribution within the film can be modified with the implant dose and acceleration energy. Thus the strain gradient can be tuned by ion implantation. Figure 9 shows the relationship between the strain gradient and the argon implantation conditions. X-TEM images are inserted next to most of the data points, and clearly show the upper amorphized region created by the implantation.
Film Thickness (µm) Local Stress (MPa)
For a given dose, higher acceleration energy results in thicker amorphized region. Amorphization does not occur for dose ≤ 1×10 13 cm -2 at 100 keV. The lowest strain gradient is achieved with 1×10 14 cm -2 dose and 65 keV acceleration energy. It should be noted that the implanted film remains electrically conductive (resistivity < 10 mΩ-cm) even though the upper portion is amorphous. (The resistivity increases at most by a factor of 2.) Also, no increase in wet etch rate in heated H 2 O 2 solution is seen for the implanted film. 
Uniformity
Since a LPCVD system is a batch reactor, cross-wafer and cross-load uniformities are important manufacturing considerations. The film thickness, resistivity, and average residual stress are fairly uniform for all of the deposition recipes studied in this work. The strain gradient, however, is very sensitive to deposition process variations. Achieving low strain gradient with good uniformity is a major challenge for high volume manufacturing of poly-SiGe inertial sensors. Within the limitations of a horizontal LPCVD system in an academic laboratory, we are able to study the sensitivity of strain gradient to deposition process variations. Figure 10 presents the stress-gradient variation data for all deposition runs yielding films with absolute strain gradient ≤ 1×10 -4 µm -1 . For each run, the strain gradient data was collected from four wafers across the load, and five locations on each wafer. For each location on a wafer, more than ten measurements of cantilever beam tip deflection was used to determine the strain gradient. The variation represents the range of these measurements for the same location. At first glance, it would seem that larger variation is seen for negative strain gradient as compared with positive strain gradient. This is due to limitations in measurement accuracy rather than process uniformity issues, however, because there is not much room for the cantilever beams to bend downward so that only the very short beams could be measured. Also, tip deflection is difficult to measure for a curled-down beam.
Films with low strain gradient always have a thin amorphous region and large columnar grains. The amorphous region contributes a small positive strain gradient due to its higher compressive stress as compared to the crystalline region of the film. Although the amorphous region is necessary to ensure proper crystal seeding to form columnar grains, variations in the thickness of this region result in variations in strain gradient.
A simple approach to minimize the effect of the lower amorphous region is to grow a thicker columnar crystalline layer. As shown in Figure 10 , Recipe-g yields the best results for strain gradient and uniformity, due to its large film thickness. The average film thickness is 3.8 µm for Recipe-g whereas it is approximately 2 µm for the other recipes. Among the 2 µm deposition recipes, Recipe-h achieves the best strain gradient and uniformity. In this case, the additional low pressure deposited SiGe seed layer makes the initial amorphous layer thinner and more uniform, which significantly improves the uniformity of the strain gradient. Increasing the volume ratio of the crystalline region to the amorphous region is the key for improving stress-gradient uniformity for singlelayered columnar films. The use of the low pressure SiGe seeding layer and a long deposition time should further improve the results.
Recipe-i, the multiple-layer deposition process, was intended to yield a film with lower and more uniform strain gradient. Indeed, the strain gradient is improved as compared to Recipe-b. Unfortunately, the negative curvature results in large measurement error so that it is not possible to confirm that uniformity is improved. With argon ion implantation, a small positive strain gradient is achieved so that measurements could be made more accurately. Since only one wafer was used for each implantation condition, only five strain gradient measurements are plotted in Figure 10 for each case. The stress-gradient variation can be seen to be small for the implanted multiple-layered film.
Conclusions
Strain gradients in LPCVD poly-SiGe films have been studied extensively using cantilever-beam tip deflection measurements, stress-vs.-depth profiling, and microstructure analysis using cross-sectional TEM. Films with strain gradient meeting the specification of 1×10 -5 µm -1 for inertial sensor applications always have a thin initially deposited amorphous layer and thick columnar grains. The uniformity of strain gradient across a wafer and across a wafer load can be improved with a thinner amorphous region and thicker crystalline region. Alternately, uniformity can also be improved with a multiple-layered deposition process.
In our academic research laboratory, the as-deposited poly-SiGe films can achieve strain gradient below 7×10 -5 µm -1 across a load of twenty-five 150mm-diameter wafers, with less than 1.6×10 -5 µm -1 variation within a single wafer for certain slots within the load and the best case of 1.1×10 -6 µm -1 . This is for ~3.8 µm-thick films deposited at 410°C in 8 hours, which meets the thermal process budget constraint imposed by CMOS electronics [7] . With tighter process control within a production environment, the strain gradient and its uniformity should be further improved.
Post-deposition annealing at elevated temperature (higher than the deposition temperature) causes the amorphous layer to crystallize and thereby changes the strain gradient in the negative direction. Thus, caution is advised when post-processing polySiGe films at temperatures higher than the deposition temperature. Argon implantation can be used to relieve compressive stress in the upper portion of the films to tune the strain gradients, so that films with very low strain gradient can be achieved with the proper combination of deposition and implantation conditions.
